Key words: quantitative immunogoldelectron microscopy/cryoultrathin section/serine : pyruvate aminotransferase/rat liver/mitochondria ABSTRACT. Induction of mitochondrial serine : pyruvate aminotransferase (SPT) in rat liver by administration of glucagon was studied quantitatively by immunoblot analysis and cryoimmunogold electron microscopy. Immunoblot analysis revealed that two daily injections of glucagon produced marked increase of SPT protein mass to a level as muchas 18 times that of the untreated rat. Cryoimmunogoldelectron microscopic analysis showed that the labeling density of the mitochondria increased in a parallel manner. Thus the induction of SPT analyzed by two methods showed an excellent correlation with a relative correlation coefficient of 0.98, indicating that the induction of SPT can be analyzed quantitatively by immunogold electron microscopy on cryoultrathin sections.
very similar properties (8, 10, 24) , but their responses to hormones are quite different. Only SPTmis markedly induced by the administration of glucagon (10). This glucagon-induced increase in SPT activity was shown to be related to the increase in the enzyme protein, mainly as the result of enhancementof the translation activity of mRNA to synthesize the precursor protein (9-ll). It was further shown that two types of SPT mRNAwith different sizes were detected on RNAblot analysis: the larger mRNA(^1 ,900 nucleotides) coding SPTmwas induced by glucagon and insulin, whereas the small one (^1,700 nucleotides) coding SPTp was not affected by these hormones (7, 12) . Recently it has been revealed that the two mRNAs encoding SPTmand SPTp are generated from a single SPT gene and that the different organelle distribution arises from transcription from different initiation sites, confering N-terminal mitochondria targeting signal only on the translation product of SPTmmRNA(13).
Immunocytochemical localization of SPT in rat hepatocytes was studied by by postembedding protein A-gold technique on the Lowicryl sections, and it was reported that on the administration of glucagon to rats, the labeling density of mitochondria was increased about four-fold (23, 25) . It was not clear, however, whether the increase in the labeling density quantitatively correlates with the induction of SPT.
In the present study we analyzed the daily increase of SPT corresponding to the daily injection of glucagon by immunoblot analysis and by immunogold electron microscopy using cryoultrathin sections and revealed that the two increases correlate quite well. We concluded that cryoimmunogold electron microscopy can be applied for quantitative analysis of the mitochondrial protein under suitable conditions.
MATERIALS AND METHODS
Preparation of antiSPT antibodies. Purification of SPT from the liver of starved rats treated with glucagon was de-scribed in detail in previous studies (2, 10), The purified protein showed a single band (43 kDa) in polyacrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-PAGE). Antibody to the purified SPT was raised in rabbits (2, 10, 22) . Double immunodiffusion test of the antibody showed a single precipitin line between antibody and mitochondrial extract or the expressed protein in E. coli.
Material.
Glucagon was purchased from Calbiochem, San Diego, USA. Goat anti-rabbit IgG IgG-gold complex (5 nm gold particles) was purchased from British BioCell International, Cardiff, UK. Other chemicals used were of the highest quality commercially available. Animals. Male Wistar rats weighing 90-120 g were supplied from Japan SLC Corporation Ltd, Hamamatsu, Japan. They had been kept in an air-conditioned room lighted from 4:00 p.m. to 4:00 a.m. and maintained on a standard laboratory chow until experiment. After 7 days acclimatization they were starved for 24 hours before the first injection of glucagon, and fasting was continued until sacrifice. Glucagonwas injected intraperitoneally between 7:00 and 9:00 p.m. at a dose of 300 /^g/100 g body weight. Control rats received intraperitoneal injections of sterilized physiological saline. Sacrifice was carried out between 7:00 and 9:00 p.m.. Tissue preparation. After a resection of one lobe of the liver for immunoblot analysis, the rest was fixed by per fusion for 10 min through the portal vein with fixative, which consisted of 4% paraformaldehyde in Hanks' solution, pH 7.4. Excess fixative was washed away by further per fusion with 50 mMNH4C1in phosphate buffered saline (PBS). The fixed liver was cut into blocks 1 mmin thickness and stored in PBS at4°C.
Preparation of the mitochondrial fraction. One lobe of the liver resected for immunoblot analysis was finely chopped with scissors and homogenized in 9 volumes of cold 20 mM Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose and 1 mMEDTAin a Potter-Elvehjem-type homogenizer. The homogenate was centrifuged at 1,000xg for 10 min to remove cell debris and nuclei. The mitochondrial fraction was separated from the supernatant by centrifugation at 3,300 x g for 10 min. The pellet was washed twice with the same buffer and suspended in the same buffer with the same volumeof the original liver weight. Immunoblot analysis. SDS-PAGEof the mitochondrial fraction and punned SPT was performed according to the method described by Laemmli using a 12% polyacrylamide gel (5). Electrophoresed proteins were transferred to a nitrocellulose sheet (21) , which was then incubated with 5% skim milk in Tris buffered saline (TBS) for 3 hours, and then reacted with the antibody (4 /ig/ml) dissolved in TBS overnight at 4°C. The blots were washedseveral times with TBScontaining 0.1% Tween 20 and reacted for 40 min with horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad Laboratories, Hercules, CA., USA) diluted 1 : 5000 in TBS. After several washes, the blots were developed on an autoradiofilm with an enhanced chemiluminescence reagent (Amersham, ) exposed for 10 sec. Lane 1, normal rat. Lane 2, rat was starved for 1 day without glucagon injection. Lane 3, rat was starved for 3 days without glucagon treatment. Lane 4, rat was starved for 2 days with a single injection of glucagon. Lane 5, rat was starved for 3 days with 2 daily injections of glucagon. Lane 6, rat was starved for 4 days with 3 daily injections of glucagon. Migration was from top to bottom. Tokyo, Japan). Electron micrographs were taken randomly at a magnification of x 20,000 and enlarged to a final magnification of x50,000.
The number of gold particles on the mitochondria was counted. The area of each mitochondria (approximately 20 m2) was measured on electron micrographs by a graphic digitizer (Model G-2, Mutoh, Tokyo, Japan), and labeling density (number of gold particles/1 [im2 of mitochondria) was calculated. Specific binding was calculated by substracting the labeling density of the sections incubated with the nonimmune IgG from that incubated with the antibody against SPT.
Additional methods. Protein concentration was determined by the method of Lowry et at. using bovine serum albumin as a standard (6). band of about 43 kD, which corresponds to the molecular mass of SPTm. The daily injections of glucagon resulted in a marked increase in the content of SPT in the mitochondrial fraction. Fig. 1C shows a calibration curve used for the estimation of the SPTcontent. SPT less than 6 ng was not detected by immunoblot analysis. The optical densities increased linearly with the increase in the amount of purified SPT at more than 6 ng. Quantitative immunoblot analysis of the induction of mitochondrial SPT is shown in Fig. 2 . A single injection of glucagon after 24 hours starvation (F2G1) produced an increase in the content of SPT to a level of 7.3 times as much as that of the normal rat. Twodaily injections (F3G2) produced a further increase, and the SPT content reached a level of about 18 times higher than that of normal rat. Three daily injections (F4G3) caused a slight further increase. Starvation itself caused no significant change up to 3 days. These results coincide with our previous report (10) in which the induction was analyzed examining the enzymeactivity.
H F4G3
Determination of saturation level of antibody against rat SPT and of the goat IgG-gold complex against rabbit IgG. The effect of the concentration of the antibody against rat SPT on the labeling density was examined in the rat treated by two daily injections of glucagon. As shown in Fig. 3A , the specific binding (labeling density specific to the anti-SPT antibody) was saturated at an antibody concentration of 400^g/ml. In this study, therefore, the antibody was used at a concen- tration of 400 ptg/ml. The effect of the concentration of the gold particle conjugated with goat IgG against rabbit IgG was then examined. As shown in Fig. 3B , the labeling density was saturated at a concentration of gold conjugate of OD525nm=0.15 in the rat treated by two daily injections of glucagon, and so we used the gold conjugate at a concentration of OD525nm=0.3 in this study.
Immunogold electron microscopic localization of SPT. Electron microscopic localization of SPT on cryo-ultra-thin sections of rat liver maximally induced by glucagon administration is shown in Fig. 4 . Many gold particles are found in the matrix of mitochondria. Quan titative immunogoldelectron microscopic analysis of induction ofmitochondrial SPT after administration ofglucagon. Figure 6 shows marked increase in the specific binding of SPT antibody to SPTmlocalized in the mitochondria from glucagon-treated rats. A single injection of glucagon (F2G1) produced an increase to a level two fold as much as that of normal rat. By tions is usually two or three times higher than that of the conventional immunogold lable on Lowicryl or LR white sections (4). Therefore, the former method is preferred when labeling density on the plastic-embedded specimens is quite low. Immunogold label of SPTm is not exceptional. The efficiency of immunogold label of SPTmon melted cryosection of rat liver mitochondria reported in this paper using 5 nm gold particles (Fig. 6 ) was approximately 5 times higher than that on Lowicryl K4Msections, which was reported by Yokota using 12 nm gold particles (25) . This difference of approximately 5 times is to be explained by the different labeling efficiency of the two methods and also by the difference in the labeling efficiency due to the size of the gold particles used (1.2x) by cryoimmunogold electron microscopy (Satoh, S., et #/. , manuscript in preparation).
